A frequency selective rasorber (FSR) with three transmission bands and three absorption bands is proposed in this paper. The FSR is constructed via cascading a lossy resistive surface and a multiple bandstop frequency selective surface (FSS) separated by air spacer. The transmission characteristics are obtained by the impedance poles of the interdigital capacitor-meander inductor resonators in the resistive surface and also the rectangular loop resonators in the FSS. The absorption bands are achieved using the ohmic loss of the resistors in the resistive surface along with the reflections of the FSS. The physical principle of operation of the multiband FSR is explained based on an equivalent circuit model. A prototype is fabricated and measured. The experimental results exhibit three transmission bands at 6.1 GHz, 8 GHz and 10 GHz with insertion loss below 0.9 dB, 0.8 dB and 0.8 dB, respectively. The effective absorption bands are in range of 7.05 GHz, respectively. The simulation results show the angular stability of the FSR response. In addition, the effect of FSR dimensions on the transmission/absorption bands is studied.
I. INTRODUCTION
In the past decades, frequency selective surfaces (FSS) have been attracting attention due to their applications in reduction of radar cross section (RCS), electromagnetic compatibility (EMC), electromagnetic security of buildings, resonant cavity antennas, etc [1] - [4] . A traditional FSS functions as a spatial filter which transmits incident signals in the pass band with a low insertion loss while blocking and reflecting the EM waves in the stopband [5] . However, the reflected waves may radiate into the communication system which is an issue of EMC. Also, the reflected waves may be detected by a bi-static radar, which is a critical issue in aircraft stealth function. To overcome this challenge, frequency selective rasorbers (FSR) were proposed with a transmission band along with a broad absorption band [6] , [7] .
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Generally, an FSR is designed by cascading a lossy resistive surface with a transmission window and a lossless bandpass FSS [8] - [10] . The transmission window must be within the operating band of FSS, thus establishing the pass band of FSR. The resistive layer is employed to dissipate the energy of the out-of-band waves. The bandpass FSS plays the role of a reflector for the broadband absorber to avoid the undesired energy leakage. In early research, the passbands were usually designed to be below the absorption band since the high-frequency losses of the resistive surface degraded the transmission performance [6] , [7] , [9] - [12] . Later, the relative arrangement of the pass band and the absorption band was adjusted flexibly, by introducing a parallel resonance into the resistive layer. Thus, FSRs with the pass band below or within the absorption band were realized [13] - [20] . Various parallel resonant structures have been proposed for this purpose, such as the circular spiral resonators [18] , the centrosymmetric bended-strip resonator [20] , and the square meander-line metallic loop [21] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ All of the FSRs mentioned above only provide a single narrow transmission band. Nevertheless, FSAs with multiple independent transmission bands are highly desired for both civil and defense telecommunication systems, such as frequency-hopping, frequency agile radar and satellite communication. To address the constraints of the number of pass bands, multiple miniaturized resonators can be integrated into a single unit cell. However, the transmission bandwidth of a multiband structure is generally too narrow to be used in practical applications. For the double-layer FSA structures, the transmission performance of the pass band is determined by combining the insertion loss of both the resistive surface and the bandpass FSS. However, it is difficult to construct a multiple band-pass FSS with low insertion loss in a single layer. Multilayer FSSs can achieve flat pass band with minimal loss using quarter-wavelength spacing between layers [5] , [18] . This method increases the FSA profile which makes them hard to use in actual environments. Besides, the need for highly accurate spacing of layers for a multilayer FSS affects the reliability and stability of their frequency response.
In this paper, we presented a multiband FSR structure supporting three transmission bands and three absorption bands arranged alternately in the frequency spectrum. The FSR consists of two layers: a resistive surface and a bandstop FSS which are separated by an air layer. The unit cell of the resistive surface includes a lumped-resistor-loaded metallic element integrated in series with three parallel LC resonators. The interdigital-capacitor / meander-inductor (IC/MI) resonator is adopted in this design since its miniature size is favorable for integration in a limited surface area. The equivalent impedance of the parallel LC resonator approaches infinity at the resonant frequency, thus blocking the path of ohmic dissipation and forming a transmission window for the resistive surface. A multiple bandstop FSS, composed of several nested metal loops on a single layer, is designed to function as the ground layer for the FSR. The gaps between the stop bands coincide with the transmission windows of the resistive surface. This ensures the low loss and the wide bandwidth of the pass-bands. The FSR performs as an absorber in the stop bands of FSS. The proposed design has vast applications in the stealth technology and EMC of multifrequency devices and frequency hopping systems.
This paper is organized as follows; The overall structure and design concept of a multiband FSR are given in Section II. The method of constituting resistive surface with multiple transmission windows and the operating principles is described in Section III. The design and analysis of the multiple bandstop FSS is discussed in Section IV. Section V discusses FSR measurement results. Finally, conclusions are drawn in Section VI.
II. FSR STRUCTURE AND THE EQUIVALENT CIRCUIT MODEL
The unit cell of the proposed FSR is shown in Fig. 1(a) .The unit cell is composed of three layers: a resistive surface, air spacer, a bandstop FSS. In the resistive surface, two lumped 
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resistors are loaded in a metal dipole. Three series IC/MI resonators are distributed between the lumped resistors. Each of the miniature IC/MI resonators is composed of a folded strip in parallel with interdigital capacitance, to form a parallel LC resonance. In the FSS, four metal rectangular rings are nested in the unit cell. Both the resistive surface and the FSS are supported by Rogers 4350B laminate with a thickness of h = 0.508 mm. The thickness of the air spacer is h s = 7 mm.
To make the design concise and reliable, the resistive surface and the FSS are printed on only a single side of their dielectric laminates. Fig. 1 b shows the equivalent circuit model for the FSR. The lumped impedances of Z F and Z B represent the resistive surface (Front) and the FSS (Back), respectively. The air spacer is represented by a transmission line. The overall frequency response of the FSR can be calculated using the transfer matrix method as, [22] :
where Z 0 , β 0 , and x 0 are the free space characteristic impedance, the free space propagation constant, and the thickness of air spacer, respectively. Next, the S-parameters can be calculated as, [22] :
For an ideal transmission band, |S 11 | = 0 and, which means both Z F and Z B should approach infinity. For a perfect absorption band, |S 11 | = 0 and |S 21 | = 0, which requires:
However, it is very difficult to meet the perfect absorption condition over a bandwidth range with fixed β 0 and x 0 . In practice, |S 11 | < −10dB is acceptable for the absorption performance. This is called general absorption condition (GAC) [23] . Assuming Z B = 0, there is an effective absorption band for the FSR if the value of Z F satisfies GAC. Therefore, the impedance limitation conditions for transmission band and absorption band can be summarized as follows; in transmission band, Z F and Z B approach infinity; in absorption band, Z B = 0, and Z F satisfies GAC. The design of the resistive surface and the FSS for a multiband FSR are discussed based on the impedance limitation conditions in the next section.
III. ANALYSIS OF THE RESISTIVE SURFACE
As depicted in Fig. 2(a) , the main part of the resistive surface is a lumped-resistor-loaded dipole, which is used to meet the GAC over a very wide bandwidth. To realize the triple transmission bands within the absorption band, three impedance poles are introduced into the arm of the resistive surface via cascading three parallel IC/MI resonators creating the transmission windows. For parallel LC resonators, the impedances tend to be infinite at the resonant frequency, thus trapping the induced currents and constructing low-loss pass bands. The interdigital capacitor and meander inductor can be easily designed and integrated in a limited area. Besides, the 2D printed LC components have higher precision compared to the commercial manufactured lumped elements.
The equivalent circuit model of the resistive surface is illustrated in Fig. 2(b) . The lumped-resistor-loaded arm is considered as an RLC series circuit. The IC/MI resonators .75 mm, m = 6.4 mm, w = 2 mm, w line = 0.1 mm, g = 0.1 mm, l 1 = 2.32 mm, l 2 = 1.52 mm, l 3 = 1.37 mm, d 1 = 0.6 mm, d 2 = 0.65 mm, are equivalent to several parallel LC components in series with the RLC circuit. Besides, each inductor in the parallel LC resonator is cascaded with a small resistor to estimate the loss of microwave energy at resonant frequency. The approximate values of IC/MI resonators can be evaluated as follows, [24] , [25] :
where n = 3 is the number of fingers in each side of a single interdigital capacitor; N = 4 represents the number of segments of the greatest length d i in the meander inductor; ε r is the relative dielectric constant of Rogers 4350B. The circuit element values are presented in the caption of Fig. 2 . Fig. 3 compares the S-parameter of the resistive surface with the lumped-resistor-loaded dipole array without IC/MI resonators. The full-wave simulation results are obtained using CST software. From 4 GHz to 14 GHz, the dipole array functions as a partial reflector. Loading with the IC/MI resonators generates three transmission windows at 6.1 GHz, 8 GHz, and 9.85 GHz (insertion loss < 0.7 dB). Besides, the transmission characteristics of the resistive surface is also evaluated in ADS software using the equivalent circuit model. The circuit model results agree well with the full-wave simulation, especially at the pass-bands. According to (5) and (6), the capacitance of IC/MI resonator is proportional to the length of the interdigital capacitor. Also, the inductance has a positive correlation with the size of the meander inductor. Besides, the operating frequency of the i-th transmission window f Ti by 1/2π √ L Fi C Fi is inversely proportional with the capacitance and inductance. Consequently, the frequency of the transmission band can be adjusted arbitrarily to satisfy the design requirements.
In light of the impedance limitation conditions, the fullwave simulation results of the equivalent impedance for the resistive surface is illustrated in Fig. 4 . The resistive surface has three impedance poles corresponding to the pass bands f T 1 , f T 2 , and f T 3 in accordance with the transmission impedance requirements, mentioned in Section II. In order to determine the absorption bands, the Z B is assumed as 0, and the GAC is satisfied when |S 11 | < −10dB. The effective GAC range of equivalent impedance is calculated using (2) . An effective absorption band can be realized when both the real part and the imaginary part of Z F are within the GAC span. The length of the air spacer is chosen as h s = 7 mm, about a quarter wavelength of the highest transmission band. As shown in Fig. 4 , there are three effective absorption bands between the impedance poles (f A1 : 6.8 GHz -7.6 GHz, f A2 : 8.8 GHz, and f A3 : 12.5 GHz -14.2 GHz). Generally, the metallic dipole loaded with lumped resistors can generate an ultra-wide absorption band, which satisfies the GAC over a broad frequency range. However, LC parallel resonators introduce impedance poles, thus distorting the broad absorption band and dividing it into several parts. Therefore, the transmission bands and the absorption bands are arranged alternately in the frequency spectrum:
According to (4), the perfect absorption bands drift to lower frequencies with the increase of distance between the two layers. The range of GAC also increases. Therefore, the number of absorption bands can be controlled by tuning h s , which will be further discussed in the simulation of FSR.
To offer physical insight into the operation of IC/MI resonators, the surface current distributions on the resistive surface is demonstrated in Fig. 5 . At the lowest transmission frequency f T 1 (6.1 GHz), the surface currents focus on the middle IC/MI resonators, which have the largest physical size. The current flows across the meandering line and return through the fingers of interdigital structure, thus achieving a closed loop. On the arm of the dipole, the intensity of current is rather low since the parallel LC structure traps the energy. Therefore, the lumped resistors do not dissipate the power and most of the incident wave can pass the resistive surface with little insertion loss. Similarly, the currents at f T 1 (8 GHz) and f T 2 (9.85 GHz) are trapped by the top and bottom IC/MI resonators, respectively. As a result, corresponding transmission bands are generated.
The surface current distribution at 7 GHz is shown in Fig. 5(d) to analyze the dipole in the absorption band. For the top and bottom IC/MI resonators, the absorption frequency is lower than its resonant points. The current in the meander line is much stronger than that on the interdigital capacitance for each IC/MI resonator. Therefore, the IC/MI structure performs like an inductor instead of an LC parallel resonator. For the middle IC/MI resonator, the absorption frequency is higher than its resonant points. The current can not only pass through the meander line, but also it can be transmitted by the interdigital capacitance. Therefore, the current can flow on the whole dipole without obstruction. When it goes through the resistors, the power is decreased substantially due to the ohmic loss. Consequently, an absorption band is formed. 
IV. ANALYSIS OF THE BANDSTOP FSS
To ensure the performance of FSR, the FSS should be transparent at f T of resistive surface while reflecting waves at f A . Hence, the FSS requires at least three transmission bands along with three rejection bands. The bandstop FSS is equivalent to an LC series circuit. Compared to a traditional single-layer slot bandpass FSS, the bandstop FSS design can realize multiple transmission bands with broader bandwidth and lower insertion loss [26] .
As shown in Fig. 6 , the bandstop FSS consists of four nested rectangular loops, whose simple structure is suitable for the design and optimization of multiband response. Each of the loops can be modeled as a series LC circuit, thus forming a stop band around the resonant frequency f S [5] . A small resistor is added in the model considering the loss caused by the substrate and the metal. According to the analysis in reference [27] , the reactance of a series LC resonator is capacitive before resonance and inductive after that, thus leading to a pass band around the resonant frequency f P between the two stopbands. In summary, the multi-loop FSS has four stop bands and three pass bands arranged alternately, denoted as:
The first stop band is utilized to construct the first pass band. The other stop/pass bands have a one-to-one correspondence with the effective absorption/transmission bands of resistive surface. Fig. 7 shows the S-parameters of FSS simulated by CST. It can be seen that the FSS has three transmission bands with insertion loss below 0.5 dB, listed as: f P1 5.8 GHz to 6.1 GHz, f P2 7.9 GHz to 8.28 GHz and f P3 9.7 GHz to 10.3 GHz. The range of transmission bands overlaps with all of the transmission windows of the resistive surface f T , ensuring the low loss of FSR. Each loop achieves a reflection band peaking at f S1 (5.46 GHz), f S2 (7.3 GHz), f S2 (9.18 GHz) and f S2 (13.86 GHz), respectively. The positions of f S2 , f S3 , and f S4 agree well with the effective absorption bands of the resistive surface f A so that the FSS plays the role of ground in the FSR to sustain the high absorption performance. The values of the equivalent circuit model components are obtained by fitting the S-parameter curves with using Agilent ADS R software. The fitted curves agree well with the fullwave simulation results. This validates the equivalent circuit model.
To explore the impedance limitation conditions of FSR, the impedance of stopband FSS Z B is depicted in Fig. 8 . There are four impedance zeros along with three impedance poles in the whole frequency spectrum. According to (1) and (3), the relationship between Z B and transmission coefficient can be expressed as follows:
It is obvious that the impedance zeros/poles are homologous with the reflection/transmission peaks separately. As mentioned above, the positions of reflection/transmission bands in FSS match well with those of the effective absorption/transmission bands in resistive surface. Hence, the impedance of FSS is close to 0 for the absorption bands of FSR while approaches infinity for the transmission bands, satisfying the impedance limitation conditions in section II.
V. PERFORMANCE OF THE MULTIBAND FSR A. SIMULATION RESULTS OF THE MULTIBAND FSR
The multiband FSR is realized using the stack of the bandstop FSS and the resistive surface. The distance between the two layers is 7 mm. The FSR frequency response under normal incidence is desirable. But, it is important to also study the FSR frequency response under oblique incidence. The S-parameters of the FSR under different incident angle is depicted in Fig. 9 . Under normal incidence, three transmission bands peak at 6 GHz, 8 GHz and 10 GHz with insertion loss lower than 0.6 dB, 0.7 dB and 0.9 dB, separately. The loss of material models considered in the simulation software package slightly dissipate the incident wave. This can directly contribute to the FSR insertion loss. The 3-dB bandwidths of the pass bands are around 0.83 GHz, 0.86 GHz and 1.1 GHz. This bandwidth is large enough for the practical application. The effective absorption bands with |S 11 | < −10dB are 6.9 GHz -7.6 GHz, 8.9 -9.34 GHz VOLUME 7, 2019 and 12.6 GHz -14.2 GHz. The difference between these absorption bands and GAC analysis is within 0.1 GHz. This slight difference between GAC and full-wave simulation is attributed to the coupling of the FSS transmission bands close to the absorption band. As the incident angle increases to 30 • , the performance of both transmission and absorption remains stable. Hence, the proposed FSR provides angular stability.
In Section II, it was shown that the pass-bands of the FSR determined by the transmission bands of the resistive surface and the FSS are not dependent on the distance between the two layers. However, the absorption bands are tied closely with the thickness of the air spacer. According to (4), the propagation constant in the region of perfect absorption is inversely proportional to the distance between the layers. Therefore, the frequency range of GAC gradually moves to the lower frequencies with the increase of distance. Fig. 10 presents the behavior of FSR with different h s . As h s changes from 5 mm to 7 mm, the first and the second absorption bands transform from partial reflection to effective absorption, and the third absorption band remains highly absorptive. The third effective absorption band turns into a partial reflection zone when h s changes from 7 mm to 9 mm. As h s continues increasing to 11 mm, the first absorption band offers much higher absorptivity, the second one becomes a partial reflection band and the third one shifts to total reflection. Hence, the number of absorption bands is easily affected by h s .
For different h s , the three passbands of FSR remain unchanged. However, the frequency of these transmission windows can be tuned with the variation in the dimensions of LC resonant structures in both the resistive surface and the bandstop FSS, thus satisfying the requirement of the practical applications. Taking the first transmission band as an example, the increase of l 1 in the resistive surface can decrease the resonant frequency of F T 1 in the light of (5) and (6) . Besides, the first pass band of FSS F P1 moves to a lower frequency with the decrease of the first and the second stop bands F S1 and F S2 , which can be achieved by enlarging the size of the two loops on the periphery. As a result, by appropriately regulating the values of l 1 , a 1 , a 2 , b 1 and b 2 , the first transmission band of the FSR moves flexibly. Fig. 11 shows the reflection/transmission coefficient of the FSR with three group dimension parameters of l 1 , a 1 , a 2 , b 1 and b 2 . The dimension groups are listed in the caption of Fig. 11 . As the FSR switches from Size A to Size B, the frequency of the first transmission peak decreases from 6 GHz to 5.4 GHz. At the same time, the first effective absorption band also drops from 6.9 GHz -7.6 GHz to 6.45 GHz -7.45 GHz without affecting the other transmission and absorption bands. When the FSR continues enlarging to Size C, the first transmission peak and the effective absorption band shift to 5.1 GHz and 5.95 GH -7.21 GHz, respectively. It can be observed that the bandwidth of the first effective absorption region expands gradually as the first transmission window moves away to the second one. Since the lumpedresistor-loaded dipole meets with GAC over a wide range except the position of transmission windows, the absorbing gap between adjacent pass bands is covered by the GAC. Therefore, the frequency of the transmission bands can be tuned independently by changing the dimensions of the corresponding LC resonators. Also, the bandwidth of adjacent effective absorption bands can be adjusted accordingly.
B. MEASUREMENT
A prototype was fabricated utilizing the Printed Circuit Board (PCB) technique to validate the performance of the FSR. Both the resistive surface and the FSS were printed on Rogers 4350B substrate with 0.508 mm thickness. Each element of the resistive surface contained two chip resistors of 120 soldered by surface mount technology. To increase the mechanical robustness of the FSR, a polymethacrylimide foam (ε r ≈ 1) with 7 mm thickness was placed between the resistive surface and FSS. The fabricated prototype consisted of 1×15 unit cells, having an overall dimension of 18 mm × 225 mm. The photograph of the prototype is shown in Fig. 12 .
The prototype was measured in the parallel-plate waveguide [28] . Fig. 13 shows the measurement system. The upper plate was removed to give a better view. The transition between the coaxial cable and the parallel-plate waveguide was realized by two conical metal disks, which are located at both ends of the parallel-plate waveguide and connected to the feed lines. Agilent N5224 vector network analyzer was utilized to measure the S-parameters. Besides, the sidewalls of the parallel-plate waveguide were covered with foam absorbers to minimize the interference from the exterior environment. The parallel-plate waveguide used for the measurement can only host a single strip in vertical direction. According to the image theory, the unit of sample is infinitely repeated along the vertical directions, which can guarantee the reliability of this method.
The measured S-parameters and absorptivity are compared with the simulation results in Fig. 14. Under normal incidence, there are three transmission bands peaking at 6.1 GHz, 8 GHz and 10 GHz with insertion loss less than 0.9 dB, 0.8 dB, and 0.8 dB, respectively. The 10 dB absorption bands are distributed in the frequency gap between the GHz. The absorptivity of the effective absorption bands is over 90%. The measured transmission/ absorption bands agree well with the simulation results. Minor differences between the simulation and the measurement can be attributed to the machining accuracy of the miniature LC resonant structures and also the calibration errors.
C. DISCUSSION
In Table 1 , we compare our design with other FSRs reported in the literature based on different resonant structures. This comparison is based on the number of the operating bands, transmission frequency, insertion loss, thickness, and polarization. The proposed structure in this paper not only provides a larger number of operating bands, but also shows excellent transmission performance considering its thickness. The adoption of a bandstop FSS in our multiband FSR decreases the insertion loss effectively. Although the design is polarization-sensitive, it can be extended to dual polarization [16] , [17] ; Since the size of the IC/MI resonator is much smaller than the wavelength, it can be deployed in symmetrical unit cells. This can create transmission windows under one linear polarization without affecting the other linear polarization. To achieve polarization independence, the rectangular loops in FSS can be substituted with square loops. This research on FSR is underway toward the following future objectives: designing a polarization independent FSR; electronic reconfiguration of the FSR by switching of the pass bands or shifting the absorption bands.
VI. CONCLUSION
This paper presents a multiband FSR which has three transmission bands and three absorption bands distributed alternately. It is composed of a resistive surface and a FSS separated by an air spacer. The lumped-resistor-loaded dipole printed in the resistive surface is adapted to satisfy the general absorption condition over a broad band. Three parallel IC/MI resonators are inserted in the central part of the dipole, thus blocking the surface currents at the resonant frequencies and achieving three transmission windows. The broad absorption band is divided by the transmission windows so as to generate three absorption bands. The multiple bandstop FSS is transparent at the pass bands of the resistive surface while playing the role of the ground in absorption bands. As a result, there are three transmission bands peaking at 6 GHz, 8 GHz and 10 GHz with insertion loss around 0.8 dB and three absorption bands centered at 7.25 GHz, 9.12 GHz and 13.4 GHz, respectively. Besides, the simulation results show angular stability of the FSR. The number of the absorption bands is controlled by the distance between the two layers. The frequency of the transmission bands is determined by the dimensions of the resonant structures in both the resistive surface and the bandstop FSS. A prototype of FSR is fabricated and measured in a parallel-plate waveguide. The measured results agree well with the simulation results validating the FSR performance. In summary, we realized a T-A-T-A-T-A FSR, by inserting three resonant bands into the absorption bands. This design has potential applications in multifrequency systems for civil and military communication.
